Chitosan has proved to have antimicrobial properties, which can be used to protect seafood from contamination and growth of pathogens such as Vibrio cholerae. The aim of this study was to model the inhibition of Vibrio cholerae Non-01 by low and high molecular weight chitosan. Chitosan of low (LMWC) and high (HMWC) molecular weight (150 and 320 KDa respectively) was used at final concentrations of 600 and 1,000 mg/L and antimicrobial assays were carried out at temperatures of 5 and 35 • C. Data were fitted to the Weibull distribution and b and n values were used to plot resistance frequency curves. Inhibition curves showed that the four treatments were effective at 5 • C, with 5.5 log reduction after 312 h with the highest chitosan concentration tested, while the effect of the 600 mg/L chitosan concentration was bacteriostatic rather than bactericidal (3.5 log reduction at 388 h). The 1,000 mg/L chitosan concentration was bactericidal at 35 • C (6 log reduction) at a shorter time (12 h). No differences were observed by the different molecular weight of the chitosan used. Weibull model fit adequately (R 2 > 0.8908) with experimental data, the highest cellular damage occurs significantly (p < 0.05) with high chitosan concentrations regardless of molecular weight and treatment temperature. Resistance frequency plots showed a greater resistance of LMWC, with the maximum values of V. cholerae Non-01 resistance presented in the first minutes of the treatments regardless of the temperature.
INTRODUCTION
Chitosan is a cationic polysaccharide derived from chitin by a deacetylation process; chitin is a natural polymer from the exoskeletons of crustaceans, insects and certain fungi cell walls. The shrimp processing industry generates a significant amount of waste (near 50-70% of shrimp net weight), that can have the potential to be uses as a food additive, as well as a biodegradable and/or active packaging. In addition to the significant decrease in product weight during shrimp processing, the disposal and environmental management of residues, frequently represent elevated economic costs (Bagder-Elmaci et al., 2015; Avila-Sosa et al., 2016; Arancibia et al., 2017) .
Chitosan is known to present antimicrobial bactericidal effects, which has been attributed to its positive charges that can interfere with the negatively-charged macromolecules residues on the microbial cell surface, causing membrane leakage (BagderElmaci et al., 2015) . Depending on the extraction process and origin, chitosan characteristics such as molecular weight and degree of acetylation can be different, and those properties can affect its antimicrobial characteristics (Fei Liu et al., 2001; Avadi et al., 2004) . In seafood products, several studies revealed the effective antibacterial activities of chitosan against a variety of pathogenic bacteria (No et al., 2007; Benhabiles et al., 2012) . The antimicrobial characteristics of chitosan can be of potential commercial exploitation, since it is safe for human consumption, and can be used to develop natural preservatives for food processing applications (Xia et al., 2011) .
In the last decade, mathematical modeling applied to describe the effect of natural antimicrobials has been used as an important tool to describe growth and survival of microorganisms (Gastélum et al., 2012; Gougouli and Koutsoumanis, 2012) . The aim of this study was to use modeling tools to describe the inhibition of Vibrio cholerae Non-01 by low and high molecular weight chitosan at two different temperatures, under laboratory conditions.
MATERIALS AND METHODS

Bacterial Strain and Growth Conditions
Vibrio cholerae Non-01 was supplied by the Laboratorio Estatal de Salud Pública (Sonora, México). Broth subcultures were prepared by inoculating a test tube containing sterile trypticase soy broth (Bioxon, Mexico) added with 2% of NaCl (TSB 2%). After inoculation, tubes were incubated overnight at 35 • C. Using the overnight growth, an inoculum with a final concentration of 1.5×10 8 cells/mL (MacFarland 0.5 standard) was prepared.
Chitosan Characterization and Solution Preparation
A commercial chitosan (Sigma Aldrich, Mexico) of low (LMWC) and high (HMWC) molecular weight was used. Molecular weight of the commercial preparations was determined by viscosity measurement, and deacetylation degree was obtained by potentiometric titration, following the methodology described by Avadi et al. (2004) , with modifications proposed by Argüelles et al. (2004) . An initial solution of 1% w/v of chitosan was prepared in acetic acid (1% v/v) and sterilized by UV radiation (Labconco Class II, USA). LMWC and HMWC solutions were prepared at concentrations of 600 and 1,000 mg/L.
Antimicrobial Assays
The antimicrobial effect of chitosan on V. cholerae Non-01 was first established by the determination of MIC and MBC values, according to Avadi et al. (2004) . Inhibition assays were done using the methodology described by Ciafardini and Zullo (2002) , at temperatures of 5 and 35 • C. EM flasks (250 mL) containing 50 mL of TBS 2% and chitosan to a final concentration 600 and 1,000 mg/L were inoculated with overnight cultures of V. cholerae Non-01, with an initial concentration of 1 × 10 8 cells/mL (inoculum adjusted with McFarland standard). A control experiment, using TSB 2% without chitosan and inoculated with V. cholerae Non-01 was also included. Flasks were incubated under agitation (150 rpm) at the corresponding temperatures and 1-mL aliquots were taken for bacterial enumeration, which was done by decimal serial dilutions inoculated by pour plate technique in trypticase soy agar with 2% of NaCl. Plates were incubated at 35 • C for 24 h and results are expressed as Log10 CFU/mL. Initial bacterial concentration was determined at the time of inoculation, as a reference for each treatment. Sampling times during the experiments varied, depending on the temperature tested. For each treatment and the control, five replicate experiments were done.
Data Modeling and Statistical Analysis
Antimicrobial assay curves were generated from experimental data by plotting log (N/N 0 ) (where N is the number of CFU/mL at a given time and N 0 is the initial number of CFU/mL) vs. time of treatment. Data were fitted to the Weibull distribution (Peleg and Shetty, 1997 ) from which biological parameters b and n were estimated by nonlinear regression (Kaleida Graph, Version 3.51, Synergy Software, Reading PA, USA):
where b is the inactivation rate, and n is the microorganisms' resistance to the treatments. If n is lower than 1 (concave curves) V. cholerae become more resistant to chitosan treatments having the ability to adapt to applied treatment, and if n is higher than 1 (convex curves), microorganism become more sensitive (increasingly the damaged) to treatments.
Once the values of b and n were obtained, resistance frequency curves were plotted with the following equation (Equation 2):
where t c is a measure of resistance or sensitivity of the organism and φ is the fraction of organisms that share at any given time (Peleg and Cole, 1998) . The mode of distribution represents the treatment time in which the majority of the population dies or is inactive. The mean corresponds to the average inactivation time with its variation. Weibull parameters were analyzed using analysis of variance (ANOVA) with Minitab 17 software (Minitab Inc., PA, USA, 2010). A p-value of 0.05 was used for deciding significant differences among averages (Tukey's test).
RESULTS
There are several differences on the classification of chitosan based on its molecular weight and degree of acetylation. In order to prepare water-soluble hydrolysates from chitosan, several studies have reported the enzymatic and/or chemical degradation of chitosan, and identify those products as low molecular weight chitosan (Liu et al., 2015; Gohi et al., 2017) . Liu et al. (2015) classified HMWC when MW is above 150 KDa and a minimum DA of 79%. For the present study, we used commercial available chitosan products, and identified them accordingly: LMWC, with a reported molecular weight range of 50-190 KDa and 75-85% deacetylation Cat No. 448869 ) and HMWC with a reported molecular weight range of 310-375 KDa and >75 deacetylation (Sigma-Aldrich, Cat No. 419419) . In order to better characterize the material to be used, the commercial products were evaluated for the determination of molecular weight (MW) and degree of acetylation (DA), and results were in accordance to the ranges described for each chitosan type: LMWC had an average MW of 150 KDa and a DA of 17.1%, while HMWC had a MW of 320 KDa and a DA of 19.0%.
Regarding antimicrobial activity of both chitosan against Vibrio cholerae Non-01, there were differences on the bacteriostatic and bactericidal concentration. For LMWC, the effect was bactericidal, since both MIC and MBC were 700 mg/L, while for HMWC, MIC was 500 mg/L and MBC was 900 mg/L. Based on the results of MIC and MBC determinations, inhibition assays were done using 600 and 1,000 mg/L, to evaluate concentrations that were below or close to MIC and above MBC for both types of chitosan respectively.
Antimicrobial assay for LMWC and HMWC are presented in Figure 1 . At 5 • C it can be observed that the four treatments show favorable results with respect to antimicrobial effectiveness. V. cholerae Non-01 control curve remained constant for 240 h, and a slight increase in bacterial numbers was observed afterwards. The concentration of 600 mg/L favored the reduction of V. cholerae Non-01 up to 3.5 log cycles after 384 h; however, at that time an increase in the bacterial population was observed with both types of chitosan; however, bacterial concentration did not reach the initial concentration after 576 h of incubation ( Figure 1A) . No bactericidal effect was observed at 600 mg/L concentration and 35 • C for neither type of chitosan ( Figure 1B) ; during the first 12 h there was an decrease in bacterial population (1-2 Log reduction), but the bacterial population increases after this period, reaching a concentration similar or even larger than the control with no chitosan added. On the other hand, LMWC and HMWC at 1,000 mg/L, presented a bactericidal effect at both temperatures, reaching a 5.5 log reduction after 312 h of incubation at 5 • C, and a similar reduction in a much shorter period (12 h) at 35 • C (Figures 1A,B) .
Weibull model fit adequately (R 2 > 0.8908) with experimental data and the biological parameters obtained are showed in Table 1 . Statistical analysis shows that for the inactivation rate (b) there were no differences among the treatments that showed inhibition, regardless of chitosan MW. The concentration of 600 mg/L of both types of chitosan at 35 • C of incubation, was similar to the control experiments, with no inactivation rate (b = 0). For the n value, it can be observed that V. cholerae Non-01 was resistant to chitosan of low and high MW at 600 mg/mL incubated at 35 • C, without significant differences (p > 0.05) to the control. Thus, the biggest cellular damage occurs with high chitosan concentrations (1,000 mg/L), regardless of molecular weight and treatment temperature(p < 0.05).
In order to evaluate the antimicrobial effect of LMWC and HMWC to V. cholerae Non-01, resistance frequency plots were plotted for all treatments that had n > 1 values. In Figure 2 it can be observed in Figure 2 that there is a greater resistance of V. cholerae Non-01 to LMWC, since the maximum values of resistance are presented in the first minutes of the treatments regardless of the temperature; finally, microbial resistance is close to zero at around 4 h.
DISCUSSION
In studies conducted at temperatures below 37 • C, Zivanovic et al. (2004) reported a reduction of 7.5 log cycles of Salmonella Typhimurium (72 h, 25 • C) by using a concentration of 1,000 mg/L of LMWC (150 KDa) and 15% DA; when the authors decreased the temperature (10 • C), they needed more time (96 h) to reduce 7 log cycles. Similar results are reported here, since a concentration of 1,000 mg/L had a bactericidal effect on V. cholerae at 35 • C in 12 h; while at lower temperature (5 • C), longer time is requiered (312 h). The differences observed between the temperatures can be related to bacterial cells stress at lower temperature, as well as to the low interaction between chitosan and bacterial cells. Some authors conclude that the intermolecular aggregates formed by chitosan suspensions, reduced the number of available sites for interaction with the bacterial cell, and as a consequence, the antimicrobial effectiveness is affected (Rabea et al., 2003; Zivanovic et al., 2004) .
In another study on fish filets treated with 1% chitosan and stored at 4 • C, a favorable effect on two species of Vibrio (V. cholerae and V. parahaemolyticus) was observed within the first 5 days of contact, but bacterial population increased later to reach the same population than the positive control; chitosan with different molecular weight had the same effect at the same concentration (Tsai et al., 2002) . A bacteriostatic effect was also observed in this study with 600 mg/L concentration of LMWC and HMWC at 5 • C; a higher concentration of chitosan TABLE 1 | Weibull model parameters + (mean ± standard deviation) for V. cholerae Non-01 growth or inhibition curves subjected to selected concentrations of low or high molecular weight chitosan at different temperatures.
Condition
Concentration ( Means followed by a different superscript letter within a column are significantly different (p < 0.05).
Frontiers in Marine Science | www.frontiersin.org (1,000 mg/L) had a bactericidal effect at 312 h and the same temperature. It is important to emphasize that similar behavior was observed, even when the experimental matrix was different (fish filets vs. culture broth). No et al. (2003) , reported a reduction of up to 7.5 logarithmic cycles of V. parahaemolyticus in 24 h at 37 • C, using the same chitosan concentration than in our study, but with a lower molecular weight (81 KDa). Similar inhibition concentrations were reported by Yang et al. (2005) who was able to reduce 7 log cycles of E. coli in 6 h at 37 • C. Kaya et al. (2015) presented similar inhibition of V. alginolyticus with chitosan obtained from insects (cosmopolitan Orthoptera species); the effect was even better than the antibacterial activity presented by standard antibiotics. Raafat and Sahl (2009) explains that a MW higher than 100 KDa is required for chitosan to present microbial inhibition. After testing a large number of preparations, the antimicrobial activity did not differ among chitosan with MW higher than 100 KDa. According to the V. parahaemolyticus control plan established by FDA, antimicrobials should achieve 2-3 log reduction (FDA, 2011) of the pathogen; LMWC o HMWC at 1,000 mg/L concentrations, were able to reduce V. cholerae Non-01 population to nearly 6.0 log cycles.
One of the problems associated with the use of chitosan as antimicrobial in suspension, is the low water solubility and high viscosity of the polymer solutions; the production of lower molecular weight chitosan by enzymatic or chemical reactions has been proposed to overcome this problem (Gohi et al., 2017) . Tsai et al. (2004) demonstrated specifically that for V. parahaemoliticus HMWC (Chitosan D90, MW 230 KDa) has a better antimicrobial action than low molecular weight hydrolysates (MW 12 KDa). They also demonstrated that further degradation of chitosan altered its antimicrobial capacity, since the mixture of chitooligosaccharide tested were not antimicrobial. Similar results were reported by Liu et al. (2015) , that evaluated the effect of chitosan hydrolysates against E. coli, where a molecular weight of 88-90 KDa were the most effective. Low molecular weight, water-soluble chitosan hydrolysates can penetrate the microbial cell wall, with a different mechanism of action than the higher molecular weight polymer (Goy et al., 2009) . Also, chemical modifications to increase water solubility of chitosan have proven to improve antimicrobial capacity, such as the increase in effectiveness by a chitosan oligomer (chitosan oligosaccharide lactate) when tested against fish pathogenic bacteria (Yildirim-Aksoy and Beck, 2017).
Weibull model is suitable to predict V. cholerae Non-01 inhibition by chitosan preparations, and proved to be useful for research purposes, although it is also possible to be used as a routine measurable parameter in food analysis. There are few reports that describe the antimicrobial effect of chitosan using mathematical models; Weibull biological parameters provide information that can be used to assess the response of other bacterial strains as well as to evaluate the effect of chitosan in additional laboratory conditions or in food systems.
As reported above, no significant differences (p > 0.05) of inactivation rate (b) values could be due to the interaction of chitosan with cell surface polymers, which may interfere with the microbial cellular membrane functions. The interaction can lead to release of small cellular components such as electrolytes or peptides, even without the formation of a membrane pore (Goy et al., 2009; Raafat and Sahl, 2009) . A bigger cellular damage can be caused when the environmental pH is below chitosan pKa (Kong et al., 2010) . It is suggested that chitosan bind to the outer membrane, which explains the loss of the barrier function (Helander et al., 2001) .
Resistance frequency values could be explained by the progress of a sublethal injury to microbial cell death, due to metabolic disruption caused by chitosan adhesion to the cell surface. The transition from sublethal injury, (caused by disruption of the cell permeability barrier and leakage), to cell death that might be mediated by metabolic imbalance and impaired ionic homeostasis following chitosan challenge. Considering that chitosan binding with the cell membrane is based on electrostatic interactions, the number of cationized amines in chitosan will be related to the antimicrobial activity presented (Goy et al., 2009; Raafat and Sahl, 2009 ). Finally, Weibull modeling can adequately describes the antimicrobial effect of LMWC and HMWC and could be potentially used to propose control measurements of V. cholerae Non-01 contamination.
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